We attempted to extend the lifespan of CD34 + stem/progenitor cells in human cord blood (CB) by transduction with lentiviral vectors carrying the human telomerase catalytic subunit (hTERT) and/or the human papillomavirus type 16 (HPV16) E6 and E7 oncogenes. We found that hTERT was incapable of prolonging the replicative capacity of CB cells maintained under serum-free conditions in the presence of stem cell factor, Flt3 ligand, thrombopoietin, and interleukin-3 beyond 4 months (n = 3). However, transduced CB cells cultured in the same cytokine cocktail constitutively expressing HPV16 E6/E7 alone (n = 2) or in concert with hTERT (n = 9) continued to proliferate, giving rise to permanent (>2 years) cell lines with a CD45 + CD34 − CD133
Introduction
Human embryonic stem cells (hESCs) circumvent cellular senescence by expressing telomerase reverse transcriptase (hTERT) [1] . hTERT is the catalytic subunit of telomerase, a specialized ribonucleoprotein complex that is responsible for adding telomeric DNA (repetitive TTAGGG sequences) to the ends of chromosomes to prevent shortening during replication [2] . In this context, expression of exogenous hTERT in certain normal human somatic cell types stabilizes telomere length and allows indefinite growth [3] [4] [5] . In particular, ectopic expression of hTERT has been reported to extend the lifespan of human mesenchymal stem cells and human neural progenitor cells [4, 5] . Candidate human hematopoietic stem cells express relatively high levels of hTERT [6] , and telomere length analysis of human hematopoietic stem/progenitor cell subsets supports the hypothesis that cells with the greatest proliferative potential have the longest telomeres [7] . Conversely, patients with aplastic anemia have short telomeres, and mutations in telomerase have been identified as the cause of hematopoietic failure [8, 9] . This material is protected by U.S. Copyright law.
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Human Hematopoietic Progenitor Cell Lines
Previous efforts to extend the replicative capacity of human CD34 + cord blood (CB) cells by retroviral-mediated expression of the hTERT gene were unsuccessful, perhaps due to transgene silencing [10] . Therefore, to further investigate whether hTERT could be used to immortalize hematopoietic stem/progenitor subpopulations in CB samples, we used a self-inactivating (SIN) lentiviral vector backbone that we developed that directs persistent high-level expression of transgenes in hESCs and primitive human hematopoietic precursors [11, 12] . Besides progressive telomere shortening, it is now apparent that human cells can undergo senescence in response to various types of stress [13] . Regardless of the senescence-initiating stimuli, the signaling pathways triggered converge to varying extents on the p53 and retinoblastoma (Rb) tumor suppressors and the cyclin-dependent kinase inhibitors p21 WAF1/CIP1 and p16 INK4a . Because other investigators reported that human mesenchymal stem cells could not be immortalized by hTERT alone but required combinatorial expression of the human papillomavirus type 16 (HPV16) E6 and E7 genes [14] , which accelerate the degradation of p53 and Rb, respectively [15] , we also attempted to prolong the lifespan of CB progenitors by transduction with an HPV16 E6/E7 lentiviral vector, separately and in conjunction with the hTERT lentiviral vector.
Materials and Methods

HPV16 E6/E7 and hTERT Lentiviral Vectors
The HIV-1-based SIN lentiviral vectors used in this study were derived from the SINF-MU3-W-S vector backbone described previously [12] , which contains the central polypurine tract of HIV-1 (which creates a central DNA f lap) that functions as a cisacting facilitator of HIV-1 DNA nuclear import, an internal promoter consisting of the U3 region of the murine stem cell virus (MSCV) long-terminal repeat (MU3), the woodchuck hepatitis virus post-transcriptional regulatory element (W) for enhanced expression of transgenes lacking introns, and the human interferon-β upstream scaffold attachment region (S) as a potential chromatin domain boundary element. The HPV16 E6/E7 coding region was polymerase chain reaction amplified as a 0.8-kb fragment from the pHPV-16 plasmid (American Type Culture Collection, Manassas, VA, http://www.atcc.org) and inserted upstream of an encephalomyocarditis virus internal ribosome entry site (IRES)-yellow fluorescent protein (YFP) gene cassette into SINF-MU3-W-S to generate SINF-MU3-E6E7-IRES-YFP-W-S. The primers used were 5'-CCGGAATTCGCCACCATG-CACCAAAAGAGAAC-3' (sense) and 5'-CCGGAATTCAGC-CATGGTAGATTATG-3' (antisense). The E6/E7 sequence in SINF-MU3-E6E7-IRES-YFP-W-S was verified using the BigDye Terminator Cycle Sequencing Kit and an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, http:// www.appliedbiosystems.com). SINF-MU3-hTERT-IRES-GFP-W-S was generated by inserting a 3.4-kb EcoRI-SalI fragment containing the hTERT cDNA from the plasmid pCI-Neo-hTERT (kindly provided by Dr. Robert Weinberg, The Whitehead Institute for Biomedical Research, Cambridge, MA) [16] upstream of an IRES-green fluorescent protein (GFP) gene cassette into SINF-MU3-W-S.
Vesicular stomatitis virus (VSV)-G glycoprotein-pseudotyped lentiviral vector particles were produced by transiently transfecting the lentiviral vector plasmids (15 μg), the packaging plasmid pCMVΔR8.91 (10 μg), and the VSV-G protein envelope plasmid pMD.G (5 μg) into subconfluent human embryonic kidney 293T cells by the calcium phosphate precipitation method; high-titer vector stocks were prepared by ultracentrifugation (×45,000g, 90 minutes), titered on human fibrosarcoma HT1080 cells, and assayed for the presence of replication-competent virus as described previously [17] .
CD34
+ CB Cell Isolation, Transduction, and Culture
Human umbilical CB samples were obtained after informed consent in conformity with an Institutional Review Board-approved protocol. Mononuclear cells were isolated by density-gradient centrifugation on Ficoll-Paque (Amersham Biosciences, Piscataway, NJ, http://www.amersham.com). CD34 + cells were purified from the mononuclear cells by super paramagnetic microbead selection using a varioMACS CD34 progenitor cell isolation kit (Miltenyi Biotec, Auburn, CA, http://www.miltenyibiotec.com), according to the manufacturer's instructions. The CD34 + cells were cultured in 24-well nontissue culture-treated plates coated with 2 μg/cm 2 RetroNectin recombinant fibronectin fragment (Takara Mirus Bio, Madison, WI, http://www.takaramirusbio. com) at a density of 1 × 10 6 cells per well. The cells were prestimulated for 24 hours in X-VIVO-15 serum-free medium (Fisher Scientific, Pittsburgh, PA, http://www.fisherscientific.com) supplemented with 10% BIT 9500 (Stem Cell Technologies, Vancouver, British Columbia, Canada, http://www.stemcell.com), 100 ng/ml stem cell factor (SCF), 100 ng/ml Flt3 ligand (FL), and 20 ng/ml thrombopoietin (TPO), with or without 20 ng/ml interleukin-3 (IL-3) (all from PeproTech, Rocky Hill, NJ, http://www. peprotech.com). The cells were transduced for 24 hours with lentiviral vector particles (2 × 10 6 TU/ml; multiplicity of infection, 2) in the presence of 6 μg/ml polybrene or 5 μg/ml protamine sulfate (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com) [12] . Fresh medium was added, and the cells were cultured for an additional 48-72 hours before cell sorting.
KG1a human acute myeloid leukemia cells (ATCC CCL-246.1) express the CD34 hematopoietic stem/progenitor cell antigen and approximate a human hematopoietic blast cell arrested at a stage of differentiation at which lineage restrictions to the myeloid and lymphoid pathways occur [18] . KG1a cells constitutively expressing GFP (KG1a-GFP) were described previously [12] ; the cells were cultured in Iscove's modified Dulbecco's medium (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) Akimov, Ramezani, Hawley et al. 1425 supplemented with 2 mM L-glutamine (Invitrogen) and 10% heat-inactivated fetal bovine serum (Fisher Scientific). All cultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Fluorescence-Activated Cell Sorting and Analysis
Lentiviral vector-transduced CD34 + CB cells were pelleted, washed, and resuspended in phosphate-buffered saline plus 2% bovine serum albumin, and GFP + /YFP + cells were sorted as bulk populations on a FACSVantage SE/FACSDiVa (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com) equipped with an Innova 70C-Spectrum argon-ion laser (Coherent Inc., Santa Clara, CA, http://www.coherentinc.com) tuned to 488 nm. The YFP and GFP signals were separated with a 525-nm shortpass dichroic filter and collected with a 550/30-nm bandpass filter and a 510/20-nm bandpass filter, respectively. Cell sorting, data acquisition, and analysis were performed as previously described [19] [20] [21] . GFP + /YFP + CB cell lines (5 × 10 5 cells) were immunophenotyped essentially as described [19, 20] , with saturating concentrations of allophycocyanin (APC)-or R-phycoerythrin (PE)-conjugated monoclonal antibodies recognizing the following human hematopoietic cell-surface antigens: CD2-PE, CD3-APC, CD11b-APC, CD13-APC, CD14-APC, CD15-PE, CD16-PE, CD19-PE, CD24-PE, CD33-PE, CD34-APC, CD38-APC, CD41a-APC, CD44-PE, CD45-APC, CD56-APC, CD71-PE, CD184 (CXCR4)-PE, CD235a (glycophorin A)-PE and HLA-DR-APC (all from BD Biosciences Pharmingen, San Diego, http://www.bdbiosciences.com/pharmingen), CD133-APC (Miltenyi Biotec), and CD203c-PE (Beckman Coulter, Inc., Fullerton, CA, http://www.beckmancoulter.com). Corresponding isotype controls were used for each analysis. Flow cytometry data were acquired on a BD LSR instrument and analyzed using CellQuest software (BD Biosciences).
Southern Blot Analysis
Southern blotting was carried out by standard procedures as described previously [12] . Structural integrity of the HPV16 E6/E7 and hTERT coding regions was assessed by digestion of genomic DNA (10 μg) with EcoRI plus BglII, the combination of which cleaves sites flanking both of the transgenes. Probes used were a 0.8-kb EcoRI fragment containing the E6/E7 coding region, a 1.2-kb NcoI-BglII fragment containing the 3' coding region of hTERT, a 0.8-kb fragment of pEGFP-1 as a GFP/YFPspecific probe, and a 1.3-kb EcoRI-AccI fragment of pCΔj-989 to detect the endogenous human BCL2 gene [12] . 
Telomerase Activity and Telomere Length Analysis
Immunoprecipitation and Western Blot Analysis
Immunoprecipitations and Western blotting were performed as described [22] . In brief, cells were lysed on ice in RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS, 1 mM PMSF, 1mM benzamidine, 10 μg/ml aprotinin, 10 μg/ml leupeptin) for 30 minutes. Insoluble materials were removed by centrifugation at 14,000 rpm at 4°C for 10 minutes. Whole-cell lysates (500 μg) were precleared with protein A or protein G beads (Invitrogen) for rabbit or mouse antibodies, respectively, for 1 hour, incubated at 4°C with 1-2 μg of antibody for 1-2 hours, and then incubated with protein A or protein G beads for an additional hour. Immunoprecipitates were washed three times with RIPA buffer and once with TBS buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) and then resolved by 4%-20% gradient SDS-PAGE for immunoblotting. Antibodies used included anti-human Rb (a.a.300-380) and anti-human p16
INK4a from BD Biosciences Pharmingen and anti-p53 (FL-393), anti-p21 (C-19), and anti-α-tubulin (B-7) from Santa Cruz Biotechnology (Santa Cruz, CA, http://www.scbt.com). Where noted, the cells were treated for 24 hours with 40 nM actinomycin D (Sigma-Aldrich) before lysis to increase p53 and p21 WAF1/CIP1 protein levels [23] .
Cell Proliferation and Differentiation Assays
Cell doubling time was determined using the CellTiter 96 AQ ueous One Solution Cell Proliferation Assay (Promega, Madison, WI, http://www.promega.com) according to the manufacturer's protocol.
Erythroid potential of the CB cell lines was assessed by transferring the cells into X-VIVO-15 serum-free medium supplemented with 10% BIT 9500, 1 μM hydrocortisone (EMD Biosciences, San Diego, http://www.emdbiosciences.com), 50 ng/ml SCF, 3 U/ml erythropoietin (Stem Cell Technologies), and 50 ng/ml insulin-like growth factor 1 (PreproTech) and culturing for 7 days [24] .
To induce monocytic differentiation, the cells were plated into 24-well nontissue culture-treated plates coated with 2 μg/cm 2 RetroNectin recombinant fibronectin fragment (Takara Mirus Bio) in X-VIVO-15 serum-free medium supplemented with 10% BIT 9500, 50 ng/ml SCF, 20 ng/ml IL-3, 20 ng/ml macrophage colony-stimulating factor (M-CSF), 20 ng/ml granulocyte-macrophage-CSF (GM-CSF) (all from PeproTech), and 25 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich). After 2 days of culture, 250 μg/ml nitroblue tetrazolium (Sigma-Aldrich) was added to the medium; 4 hours later, the cells were washed with phosphate-buffered saline and cytospin preparations were analyzed by light microscopy as described previously [25] .
Spectral Karyotype Analysis and Chromosome Banding
Metaphase spreads were prepared from exponentially growing cells according to standard techniques using a 0.75-M KCl solution. Spectral karyotyping (SKY) and Giemsa-banding (G-banding) of metaphases were carried out by Chrombios GmbH Molecular Cytogenetics (Raubling, Germany, http://www.chrombios. com). In brief, SKY was performed by fluorescence in situ hybridization (FISH) with human chromosome-specific painting probes labeled with five different fluorochromes in Boolean combinations as described [26] . For each CB cell line, images were obtained for 10 metaphases using an Axioplan II microscope (Carl Zeiss AG, Oberkochen, Germany, http://www.zeiss. de) equipped with narrow-band-pass emission filters (Chroma Technology, Rockingham, VT, http://www.chroma.com) connected to a cooled CCD camera (Roper Scientific, GmbH, Ottobrunn, Germany, http://www.roperscientific.com). Chromosomes were then displayed in false colors and the images merged. Camera control, image capture, and merging were done using SmartCapture VP imaging software (Digital Scientific, Cambridge, U.K., http://www.digitalscientific.co.uk). Inspection of five different image planes resulting from the hybridization signals of the different fluorochromes allowed the detection of translocations in each cell line. Karyotyping was done using SmartType image processing software (Digital Scientific). G-banded metaphases were similarly recorded by brightfield microscopy using the same instrumentation and software combination. Images were transferred in ICS format into Quips karyotyping software (Vysis, Downers Grove, IL, http://www.vysis.com). For each CB cell line, at least 15 metaphases were recorded and two metaphases were fully karyotyped [27] . For several rearrangements, the origin of the centromere was identified by FISH using centromere-specific repetitive sequence probes [28] .
Retroviral Transduction of CB Cell Lines and Assessment of In Vivo Growth Potential
Recombinant MSCV-based retroviral vectors were produced as replication-defective pseudotyped particles carrying the Gibbon ape leukemia virus envelope protein from stably transduced PG13 packaging cells (ATTC CRL-10686) [20, 29] . Producer lines were maintained in Dulbecco's modified Eagle's medium with 4.5 g/L glucose (Invitrogen) supplemented with 2 mM L-glutamine (Invitrogen) and 10% heat-inactivated fetal bovine serum (Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO 2 . PG13/MSCVneo-v-H-ras and PG13/MSCVneo producer cells have been described previously [30, 31] . PG13/MSCVneo-BCR-ABL exports GALV-pseudotyped MSCVneo-BCR-ABL, which was constructed by insertion of a 7.2-kb EcoRI fragment encoding p210 BCR-ABL (a gift from Dr. Ruibao Ren, Rosenstiel Basic Medical Sciences Research Center, Brandeis University, Waltham, MA) into MSCVneo [29, 32] .
The ET1a and ET2 CB cell lines were transduced with GALV-pseudotyped MSCVneo-v-H-ras, MSCVneo-BCR-ABL, and MSCVneo by spinoculation [17] . Transduced cells were then subjected to selection by culturing in medium containing 800 μg/ml Geneticin (Invitrogen); cells that continued to proliferate after 2 weeks of Geneticin selection were propagated as bulk populations. Geneticin-resistant CB cell lines were evaluated for in vivo growth potential after intravenous (i.v.) injection of 1 × 10 7 cells into the tail vein (0.5 ml) or subcutaneous (s.c.) injection of 5 × 10 6 cells into the flank region (0.1 ml) of sublethally irradiated (250-cGy) immunodeficient nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice (Jackson Laboratory, Bar Harbor, ME, http://www.jax.org) [33] . Animals were examined daily and were euthanized before they became moribund or the longest diameter of the tumor reached 1 cm. Engraftment of CB cell lines in i.v.-injected mice was characterized by the presence of CD45 + GFP + /YFP + cells in bone marrow, spleen, liver, and peripheral blood [34] . KG1a-GFP cells served as controls. All procedures involving mice followed Institutional Animal Care and Use Committee guidelines.
Results
Extended Lifespan of Human CB-Derived Progenitor Cells Ectopically Expressing HPV16 E6/E7
CD34 + progenitor cells were enriched to >94% purity from mononuclear cell preparations of human CB samples by super paramagnetic microbead selection. The CD34 + CB cells were then transduced with VSV-G glycoprotein-pseudotyped lentiviral vectors that express hTERT or HPV16 E6/E7 linked to a downstream GFP or YFP reporter gene on a bicistronic transcript. GFP + and/or YFP + CB cells were sorted to >96% purity and maintained under serum-free conditions in the presence of SCF (100 ng/ml), FL (100 ng/ml), and TPO (20 ng/ml) with or without IL-3 (20 ng/ml), conditions demonstrated to transiently support hematopoietic stem cell self-renewal divisions in vitro [35] . Nontransduced CD34 + CB cells served as controls. In all cases (n = 3), control CD34 + CB cells differentiated into macrophage-like cells and underwent senescence-associated proliferation arrest after approximately 4 months in culture (Fig. 1A) . Constitutive expression of hTERT failed to extend the proliferative capacity of the CD34 + CB cell-derived cultures beyond this time point in repeated attempts (n = 3), and macrophage-like cells were also the predominant cell type that accumulated in these cultures (Fig. 1B) , as previously reported for hTERT retroviral vector-transduced cells [10] . On the other hand, CD34
+ CB-derived cells ectopically expressing HPV16 E6/E7 alone or in combination with hTERT continued to proliferate, although the cultures expressing only HPV16 E6/E7 went through a crisis period. In total, 11 CB cell lines were established, some of which have been continuously propagated in culture for more than 2 years. Cell lines obtained by the introduction of the HPV16 E6 and E7 genes were designated by the prefix "E" (two lines), and those originating from the HPV16 E6/E7-hTERT combination by "ET" (nine lines). We restricted most of our analysis to five lines: E1, E2, ET1a, ET1b, and ET2. Examination of the growth factor requirements of these five CB cell lines indicated that they all required SCF for survival and proliferation but grew optimally in the presence of SCF, FL, TPO, and IL-3. The cells were therefore routinely maintained in the four-cytokine combination.
Morphology and Cell-Surface Phenotype
The CB cell-derived cultures consisted of relatively homogeneous populations of nonadherent cells with round or oval nuclei located eccentrically, generally having scant cytoplasm and, in some cases (e.g., ET1a cells), microvilli-like structures on the cell surface (Figs. 1C-1G ). Doubling times of the cultures supplemented with SCF, FL, TPO, and IL-3 ranged from 1.5-3 days (Fig. 1I) . The surface phenotype of the CB cell lines was determined by immunofluorescence flow cytometric analysis using a panel of monoclonal antibodies directed against human hematopoietic cell-surface antigens. A summary of the analysis of the E1, E2, ET1a, ET1b, and ET2 cell lines is presented in Table 1 . All of the lines expressed the leukocyte common antigen CD45, indicative of a hematopoietic origin (albeit at low levels in the case of ET1a cells). The cell lines also all expressed CD203c (basophilic granulocytes, mast cells, and their progenitors), CD71 (transferrin receptor on early erythroid cells, activated lymphocytes, monocytes, macrophages, and most dividing cells), CD44 (hyaluronan receptor on progenitors of all lineages), CD33 (myeloid progenitors, CFU-Meg, a portion of BFU-E, Photomicrographs of (K) ET1a and (L) E1 cells adhering to fibronectin-coated plates after nitroblue tetrazolium staining. Note that most of the ET1a cells contain formazan, the product formed by the reduction of nitroblue tetrazolium by intracellular superoxide (magnification ×20). Abbreviations: APC, allophycocyanin; CB, cord blood; GFP, green fluorescent protein; HPV16, human papillomavirus type 16; hTERT, human telomerase catalytic subunit; KG1a, KG1a-GFP cells; YFP, yellow fluorescent protein.
monocytes and mast cells, as well as activated T cells and dimly on granulocytes), and CD13 (granulocytes, monocytes, mast cells, and their progenitors). Although the CB cell lines were negative for CD34, it is notable that two of the lines (ET1a cells and ET2 cells) expressed the hematopoietic stem/progenitor cell marker CD133 [36] . In addition, all of the cultures contained subpopulations of cells that expressed CD235a/glycophorin A (erythroid progenitor cells). In contrast, the CB cell lines expressed low or background levels of CD184 (CXCR4 "homing receptor" on CD34 + progenitor cells), CD56 (natural killer cells), CD41a (gpIIb/IIIa complex on megakaryocytes), CD38 (early stages of CD34 + hematopoietic stem cell lineage commitment), CD24 (B cells and granulocytes), CD19 (B cells), CD16 (natural killer cells and neutrophils), CD14 (expressed at high levels on monocytes), CD11b (α M chain of the α M β 2 integrin expressed at varying levels on granulocytes, macrophages, myeloid-derived dendritic cells, and natural killer cells), CD3 (T-cell antigen receptor complex), CD2 (T cells and a subset of natural killer cells), and HLA-DR (antigen-presenting B cells, monocytes, and macrophages, as well as activated T cells). With the exception of the E2 cell line, which contained a subpopulation of cells that were positive, the CB cell lines were also negative for CD15 (expressed on granulocytes and to a varying degree on monocytes). Taken together, the cell-surface phenotypic and morphological properties of the CB cell lines suggested that the target cells for immortalization were multipotential progenitors of the granulocyte, monocyte-macrophage, mast cell, and erythroid lineages.
Interference of the p16
INK4a /Rb and p53/p21 WAF1/CIP1 Pathways
The presence and structural integrity of the HPV16 E6/E7 and hTERT transgenes were documented by Southern blotting after digestion of genomic DNA with EcoRI plus BglII, restriction enzymes which cleave sites flanking the transgenes and the GFP/ YFP reporter genes ( Fig. 2A) . Additional Southern blot analyses with restriction enzymes that cleave once within the vector sequences indicated two to five copies of each lentiviral vector per CB cell line (data not shown).
We next investigated the status of the p16 INK4a /Rb pathway and the p53/p21 WAF1/CIP1 axis in the CB cell lines. As expected, HPV16 E7 expression in the CB cell lines resulted in reduced levels of hypophosphorylated Rb, rendering them insensitive to the increased levels of p16
INK4a that accumulated (Fig. 2B ). By comparison with 9-day cultures of primary CD34
+ CB cells, all CB cell lines showed decreased expression of the p53 target p21
, even after stimulation by actinomycin D treatment (Fig. 2C ) [23] , indicating that p53 function was compromised by the HPV16 E6 protein.
Increased Telomerase Activity in hTERT-Expressing CB Cell Lines
CB cells stably expressing the exogenous hTERT gene exhibited high levels of telomerase activity as assayed by the telomeric repeat amplification protocol (Fig. 2D) . Interestingly, the E2 cell line transduced with HPV16 E6/E7 vector alone had significant telomerase activity, and the E1 cell line exhibited telomerase activity at levels similar to early-passage CD34 + CB cells. It has been reported that HPV16 E6 activates endogenous telomerase activity in precrisis human keratinocytes and mammary epithelial cells [37] . However, analysis of a precrisis culture of HPV16 E6/ E7-transduced CB cells (E5 cells at 14 weeks) revealed minimal levels of telomerase activity (Fig. 2D) , suggesting that the endogenous enzyme had been reactivated in E1 and E2 cells during the immortalization process. Consistent with the notion that telomerase reactivation was associated with bypass of crisis [13] , both E1 and E2 cell lines had substantial erosion of telomeres with mean telomere lengths of 2.9 and 2.6 kb, respectively (Fig. 2E) , and widespread karyotypic abnormalities (see below). In this regard, it is noteworthy that the CB cell lines generated by cotransduction with the hTERT vector had stabilized mean telomere lengths >5.9 kb, which exceeded that of 1-day cultured primary CD34 + CB cells (12.3 kb) in the case of ET1a cells (15.8 kb) transduced on the first day of culture (Fig. 2E) .
Clonal Outgrowth of HPV16 E6/E7 Plus hTERT Immortalized CB Cells Without Widespread Genomic Instability
After 28-76 weeks of culture, the CB cell lines were analyzed by SKY, chromosome G-banding, and FISH with centromerespecific probes. Although the CB cell populations were not deliberately cloned, these analyses indicated that most of them were clonal (Fig. 3 , Table 2 ). The exceptions were the E1 and E2 cell lines obtained by transduction with HPV16 E6/E7 alone and the ET1b cell line, in which the hTERT gene was introduced at week 44 of culture. All three of these cell lines were highly abnormal and carried additional distinctive karyotypic changes indicating that they were oligoclonal. By comparison, the CB cell lines immortalized by successive coexpression of HPV16 E6/E7 and hTERT within 4 weeks of culture were near diploid and exhibited only one or two structural or numerical chromosomal changes.
Differentiation Potential of Immortalized CB Cells
Based on their phenotype and growth factor requirements, the immortalized CB cells most closely resembled myeloerythroid/ mast cell progenitors [38] . Although mast cell progenitors have generally been considered to be a separate lineage, CD203c is also expressed on basophilic granulocytes and their progenitors, raising the possibility that the CB cell lines originated from more primitive common committed CD34 + progenitors [39] . Indeed, it was previously shown that TPO played an important role in concert with SCF in the development of mast cells from CD34 + multilineage colony-forming cells that also had the potential to differentiate into neutrophil/macrophage/mast cell/erythroid lineages, neutrophil/macrophage/mast cell lineages, or neutrophil/mast cell lineages [40] . TPO is also known to enhance erythroid progenitor production from CD34 + bone marrow and CB cells [35, 41] .
Whether the CB cell lines can be efficiently induced to terminally differentiate into functional mast cells, erythrocytes, granulocytes, and/or monocyte-macrophages by treatment with various physiologic or chemical/pharmacologic agents will require further investigation. However, pilot experiments suggest that the CB cell lines have a certain degree of erythroid and myeloid differentiative potential. Some shifting to an erythroblastic phenotype was observed when the CB cell lines were cultured under erythropoiesis-supportive conditions [24] , as evidenced by slightly increased expression of the CD36 antigen (Fig. 1J) [42] . Moreover, when the immortalized CB cells were subjected to a myeloid differentiation regimen [25] , in the best example (ET1a cells) up to 90% of the cells acquired the ability to adhere to fibronectin, approximately 30% of which were capable of superoxidedependent nitroblue tetrazolium reduction reflective of terminal monocytic differentiation (Figs. 1K, 1L ).
In Vivo Growth Potential of E6/E7 Plus hTERT-Expressing CB Cells
The ET1a and ET2 CB cell lines were transduced with retroviral vectors coexpressing the v-H-ras [30, 31] or BCR-ABL [32] oncogenes and the bacterial neomycin phosphotransferase (neo) gene or with a control vector expressing the neo gene alone. Geneticin-resistant bulk populations of ET1a/Neo and ET2/Neo cells did not engraft or grow in sublethally irradiated (250-cGy) immunodeficient NOD/SCID mice after i.v. or s.c. injection, respectively, during observation periods of 28 weeks (Table 3) . Disseminated (bone marrow, spleen, liver, and peripheral blood) or solid tumor growth was observed, however, within 14 weeks after i.v. or s.c. injection of v-H-ras-transduced or BCR-ABL-transduced E6/E7 plus hTERT-expressing cell 
Discussion
In this study, we explored the possibility that lentiviral-mediated expression of the exogenous hTERT gene or the HPV16 E6 and E7 genes would permit the immortalization of human hematopoietic progenitor cells in CB samples. We found that constitutive hTERT expression was incapable of increasing the replicative capacity of CD34 + CB cells and did not prevent the cells from undergoing terminal differentiation under the culture conditions examined. This finding is in accord with a previous report that used a retroviral vector to express hTERT in CD34 + CB cells, where it was not possible to rule out vector silencing as the reason for the lack of effect [10] . In contrast, we demonstrated that ectopic expression of the HPV16 E6 and E7 genes was capable of extending the lifespan of certain myeloerythroid/mast cell progenitors present in Table  2 for a detailed description of the karyotypes. Abbreviations: HPV16, human papillomavirus type 16; hTERT, human telomerase catalytic subunit.
CB samples. Notably, however, the HPV16 E6/E7-immortalized cell lines were highly aneuploid and exhibited numerous chromosomal alterations, as noted previously in other cell types immortalized by these oncogenes [43] . Importantly, when hTERT was expressed concomitantly with E6/E7, telomere-length stabilization was observed and the immortalized CB cell lines established exhibited much less genomic instability. The latter observation is in agreement with recent work indicating that hTERT regulates the DNA damage response pathway and participates in chromatin maintenance independent of telomere length maintenance [44] . Although we can neither rule in nor rule out a role, it is tempting to speculate that persistent hTERT expression also may have contributed in some manner to the presence of the CD133 hematopoietic stem/progenitor cell marker on ET1a and ET2 cells.
All of the CB cell lines derived demonstrated clonal outgrowth of one or a few cells, suggesting acquisition of a proliferative advantage and implicating the specific chromosomal changes identified in the immortalization process. Selective outgrowth was observed even in the case of the CB cell lines established by the combination of HPV16 E6/E7 and hTERT, which did not undergo crisis. The mechanisms by which the particular genetic changes observed conferred a growth advantage to the CB [8] ,der(2)t(2q37::12q24.1→12qter) [8] , del(7)(q21→qter) [8] , −9 [3] ,der(9)t(9pter→9q34::2?) [6] ,−11 [4] ,der(14)t(14pter→14q21::9?) [10] , der (19) cells are unknown. It is intriguing, however, that hESC lines passaged as bulk cultures frequently exhibit increased dosage of the long arm of chromosome 17 and that in a subclone of H1 hESCs, gain of 17q involved translocation of the same region-17q11.2→ 17qter-observed in the E1 CB cell line [45] . Trisomy of chromosome 20, which was found in the ET4 CB cell line, has also been reported in a subclone of BG02 hESCs [46] . Cloning of the translocation breakpoints present in the CB cell lines with only one or two chromosomal translocations may provide insights into the mechanisms operative in these instances.
Abnormal karyotypes notwithstanding, the ET1a and ET2 cell lines were nontumorigenic in immunodeficient NOD/SCID mice. Recent evidence obtained for other normal human cell types implicates abrogation of senescence as a critical step in experimental transformation, with frank malignancy requiring perturbation of six to seven signaling pathways [47] . Ectopic expression of the v-H-ras or BCR-ABL oncogenes resulted in the tumorigenic conversion of ET1a and ET2 cells, but no attempt was made to determine whether the resulting tumor cell populations were polyclonal or the outgrowth of variant subpopulations that had acquired additional genetic alterations [48, 49] . Further systematic studies will therefore be required to define the minimal number of biochemical pathways that need to be disrupted to convert normal human hematopoietic precursors to leukemogenicity.
In conclusion, these findings establish the feasibility of bypassing senescence in human hematopoietic progenitors through genetic engineering, providing proof of principle for approaches that might eventually allow establishment of permanent human hematopoietic stem cell lines. Accordingly, our future efforts will focus on extending these results by using reversible gene delivery systems [50] and a variety of growth regulatory genes (e.g., TLX1/ HOX11) [22, 51] toward the conditional immortalization of other human hematopoietic stem/progenitor cell subpopulations.
